Recent progress in cosmology has relied on combining different cosmological probes. In an earlier work, we implemented an integrated approach to cosmology where the probes are combined into a common framework at the map level. This has the advantage of taking full account of the correlations between the different probes, to provide a stringent test of systematics and of the validity of the cosmological model. We extend this analysis to include not only CMB temperature, galaxy clustering, weak lensing from SDSS but also CMB lensing, weak lensing from the DES SV survey, Type Ia supernova and H0 measurements. This yields 12 auto-and cross-power spectra which include the CMB temperature power spectrum, cosmic shear, galaxy clustering, galaxy-galaxy lensing, CMB lensing cross-correlation along with other cross-correlations as well as background probes. Furthermore, we extend the treatment of systematic uncertainties by studying the impact of intrinsic alignments, baryonic corrections, residual foregrounds in the CMB temperature, and calibration factors for the different power spectra. For ΛCDM, we find results that are consistent with our earlier work. Given our enlarged data set and systematics treatment, this confirms the robustness of our analysis and results. Furthermore, we find that our best-fit cosmological model gives a good fit to all the data we consider with no signs of tensions within our analysis. We also find our constraints to be consistent with those found by the joint analysis of the WMAP9, SPT and ACT CMB experiments and the KiDS weak lensing survey. Comparing with the Planck Collaboration results, we see a broad agreement, but there are indications of a tension from the marginalized constraints in most pairs of cosmological parameters. Since our analysis includes CMB temperature Planck data at 10 < < 610, the tension appears to arise between the Planck high− modes and the other measurements. Furthermore, we find the constraints on the probe calibration parameters to be in agreement with expectations, showing that the data sets are mutually consistent. In particular, this yields a confirmation of the amplitude calibration of the weak lensing measurements from SDSS, DES SV and Planck CMB lensing from our integrated analysis. 
I. INTRODUCTION
Recent progress in observations have led to the establishment of the standard model for cosmology. In spite of this progress, some of the key components of the model such as Dark Energy, Dark Matter, inflation and largescale gravity remain either not understood or not fully tested. The constraints on this ΛCDM model and its extensions rely on the combination of different cosmological probes such as the Cosmic Microwave Background (CMB), galaxy clustering, weak gravitational lensing and Type Ia supernovae (SNe Ia). This combination is most often performed at the latest stage in the analysis consisting of combining the likelihoods to infer a joint posterior constraint on the model parameters.
In an earlier work [1] (hereafter Paper I), we implemented an integrated approach to cosmology in which the cosmological probes are combined into a common framework at the map level. This has the advantage of taking full account of the correlations between the different probes which generally probe common survey volumes, to provide a stringent test of systematics through the test of the consistency between the probes and to yield a test of the validity of the cosmological model. We applied * andrina.nicola@phys.ethz.ch this framework to a combination of the CMB temperature from the Planck mission [2] , galaxy clustering from the eighth data release of the Sloan Digital Sky Survey (SDSS DR8) [3] and weak lensing from SDSS Stripe 82 [4] , making simplifying approximations but also conservative cuts on the data.
In the present work, we extend the integrated analysis of Paper I to also include CMB lensing maps from the Planck mission [5] , the recent weak lensing measurement with the publicly available Dark Energy Survey (DES) Science Verification (SV) data [6] , SNe Ia data from the joint light curve analysis (JLA) [7] and constraints on the Hubble parameter from the Hubble Space Telescope (HST) [8, 9] . This yields 12 auto and cross power spectra which include the CMB temperature power spectrum, cosmic shear, galaxy clustering, galaxy-galaxy lensing CMB lensing cross-correlation along with other crosscorrelations as well as background probes. Furthermore, we extend the treatment of systematic uncertainties and relax some of the approximations as compared to Paper I. In particular, we study the impact of intrinsic alignments, baryonic corrections, residual foregrounds in the CMB temperature, and calibration factors for the different power spectra. This extended analysis allows us to derive more robust constraints on the ΛCDM cosmological model and a more thorough test of the consistency between the different probes. Other joint analyses of dif-ferent sets of cosmological probes have been performed (see references in Paper I and Refs. [10] [11] [12] ). This paper is organized as follows. We review the framework for cosmological probe combination employed in this work in Section II. In Section III, we describe the data used in this work and Section IV describes the theoretical modelling of the cosmological observables. We detail the computation of spherical harmonic power spectra in Section V, while Section VI summarizes the systematic uncertainties considered in this work. The computation of the covariance matrix is described in Section VII. The method for parameter inference is described in Sec. VIII and our results on cosmological constraints are presented in Section IX. We conclude in Section X. Robustness tests as well as implementation details are deferred to the Appendices.
II. FRAMEWORK FOR INTEGRATED PROBE COMBINATION
Following Paper I, we create projected two-dimensional maps for the large-scale structure (LSS) and CMB probes. We then compute both the spherical harmonic auto-power spectra of these probes as well as the crosspower spectra for physically overlapping surveys. This yields a set of 12 spherical harmonic power spectra, which does not include the auto-power spectrum of the CMB lensing convergence but only its cross-correlations. We complement the observed power spectra with theoretical predictions and an estimate of their covariance matrix and combine these into a Gaussian likelihood. We combine the power spectrum likelihood with the likelihood of SNe Ia distance moduli and a constraint on the Hubble parameter, assuming these probes to be independent. In a last step we compute cosmological parameter constraints in a joint fit to these data. The implementation details for the CMB lensing convergence, weak lensing data from DES SV, SNe Ia and the Hubble constant measurement are described below. For a description of the remaining data the reader is referred to Paper I.
III. DATA
The data used in this analysis is summarized in Table I and the footprints of the different surveys are illustrated in Figure 1 together with the background probes. We consider the data used in Paper I namely, the Planck 2015 foreground-reduced CMB temperature anisotropy map derived using the Commander algorithm [13] , a map of the galaxy overdensity field derived using the CMASS1-4 sample from SDSS DR8 [3, 14, 15] and a weak lensing shear map derived using SDSS Stripe 82 co-add data [4, 16] . In addition to the cosmological maps we also employ the binary survey masks presented in Paper I. In this work, we complement these three maps with several data sets as described below.
A. DES Weak lensing
We use publicly available data from the DES SV. 1 The DES is an ongoing survey, imaging the sky in five photometric bandpasses (g, r, i, z, Y ) using DECam [18] . After its five-year duration the DES will have covered approximately 5000 deg 2 of the southern sky to a limiting magnitude of about 24. The SV data were taken before the start of the main survey and they consist of more than 250 deg 2 [19] . In our analysis we use the largest contiguous area in the DES SV data, which is part of the South Pole Telescope East (SPT-E) field and covers an area of approximately 139 deg 2 . The weak lensing shear for galaxies in the SPT-E region has been measured using two independent shape measurement codes, ngmix [20] and im3shape [21] . Both are model-fitting shear measurement codes and are described in Ref. [6] . Photometric redshifts (photo-z) have been obtained using four different methods as described in Ref. [22] . The photometric redshift catalogs both provide the full photo-z probability distribution function (pdf) as well as an estimate of the mean of the pdf for each galaxy. We follow the choice of fiducial catalog of Refs. [23, 24] and perform our analysis using the galaxy shapes measured by ngmix and the photometric redshifts determined using SkyNet.
Our analysis closely follows the spherical harmonic power spectrum measurement described in Appendix A of Ref. [23] . We select objects passing the SVA1 and the ngmix cuts defined in Ref. [6] which fall into any of the three tomographic redshift bins described in Refs. [6, 22] . This selection yields N gal = 3 279 967 galaxies.
In order to construct the weak lensing shear maps we weight each galaxy's shear by its inverse variance weight described in Ref. [6] . The galaxy shapes given in the DES SV shear catalogues are biased estimators of the galaxy shears and the ngmix shape estimates therefore need to be corrected for the sensitivity as described in Ref. [6] . Since this correction factor is a noisy estimate of the true correction it cannot be applied on single galaxies. In order to avoid introducing a bias caused by the noisy estimators of the sensitivity we therefore follow Ref. [23] and estimate the weighted average of the galaxy sensitivities in our sample and correct each galaxy shape with this mean correction.
We then rotate the galaxy shears from equatorial to Galactic coordinates 2 and pixelize them onto HEALPix 3 [25] pixelizations of the sphere choosing a resolution of NSIDE = 1024. This resolution corresponds to a pixel area of 11.8 arcmin 2 . We apply a binary mask constructed from the union of unobserved and empty pixels to both shear maps. The final maps cover a fraction of sky f sky = 0.0039. The mean number of galaxies per pixel is approximately given by n gal /pix = 67, which corresponds to n gal = 5.73 arcmin −2 . Figure 2 shows the map of the shear modulus together with a zoom-in region with overlaid whisker plot illustrating the direction of the shear.
We follow Refs. [22, 23] and estimate the redshift distribution of the galaxies from the sum of the individual galaxy pdfs, weighted by their weak lensing shear weights. The resulting redshift distribution together with the weak lensing window function is shown in the Appendix (Fig. 19) .
B. CMB lensing convergence
CMB lensing causes statistical anisotropies in CMB maps and the lensing potential can be reconstructed from these maps using a quadratic estimator [26] . We use the CMB lensing potential estimateφ CMB provided by the Planck Collaboration in their second data release [5] . This estimator has been derived from the foreground-reduced CMB temperature and polarization maps computed using the SMICA algorithm [5, 13] . The use of both CMB temperature as well as polarization data allows for several CMB lensing potential estimators (φ TT ,φ TE ,φ EE ,φ EB ,φ TB ), which can be combined into a minimal-variance estimator. This estimate is given in the form of spherical harmonic coefficients of the CMB lensing convergence κ CMB in the angular multipole range 8 ≤ ≤ 2048. These are related to the CMB lensing potential φ CMB through:
We use these spherical harmonic coefficients to create a HEALPix map of resolution NSIDE = 1024 using the HEALPix routine alm2map. The analysis mask derived by the Planck Collaboration is provided as a HEALPix map of NSIDE = 2048. We downgrade this map to a resolution of NSIDE = 1024 following the procedure outlined in Ref. [13] , which yields a binary analysis mask. We choose the CMB lensing convergence over the CMB lensing potential map since the lensing convergence is more local and should thus be less affected by masking effects arising when computing angular power spectra. The CMB lensing convergence map covers a fraction of sky f sky = 0.67 and is shown in Fig. 2 .
C. Type Ia supernovae
We complement the CMB and LSS data with geometrical constraints on the homogeneous Universe from the distance-redshift relation measured from Type Ia supernovae. We use data from the JLA [7] , which is a compilation of 740 SNe Ia comprising data from SDSS-II [27] [28] [29] [30] [31] , the Supernova Legacy Survey (SNLS) [32, 33] , the HST [34, 35] and several low-redshift experiments [7] . 4 The JLA data consist of SNe Ia light curve parameters which can be used to calculate observed distance moduli.
D. Hubble parameter
We also add a local H 0 measurement from HST [8] to our analysis. We use the Hubble parameter estimate by Ref. [9] , which is a revision of the measurement presented in Ref. [8] . Both measurements are derived from Cepheid-calibrated SNe Ia distance moduli but the former uses a revised distance to the anchor 4 The data can be found at:
http : //supernovae.in2p3.fr/sdss snls jla/ReadMe.html.
NGC 4258 [17] to calibrate the Cepheid distances. This analysis constrains the Hubble parameter to be given by H 0 = 70.6 ± 3.3 km s −1 Mpc −1 , where the uncertainties are 1σ and assumed to be Gaussian.
IV. MODEL PREDICTIONS
The auto-and cross-correlations of the CMB and LSS cosmological probes can be computed theoretically from the primordial power spectrum. In order to compute the power spectra of the cosmological fields δ g , γ and κ CMB we employ the Limber approximation [36] [37] [38] as in Paper I. We further assume a flat cosmological model, i.e. Ω k = 0. With these approximations the spherical harmonic power spectrum C ij between cosmological probes i, j ∈ [δ g , γ, κ CMB ] at angular multipole can be expressed as
where H(z) is the Hubble parameter, χ(z) the comoving distance and c denotes the speed of light. Furthermore, P nl δδ (k, z) denotes the nonlinear matter power spectrum at redshift z and wave vector k and W i (χ(z)) is the window function for probe i .
The window functions for δ g and γ are given in Paper I. Since the CMB lensing convergence is approximately sourced by a single-lens plane located at the last scattering surface with redshift z * its window function can be expressed as the single-plane limit of the weak lensing shear window function. We therefore have
where Ω m is the fractional matter density today and a is the scale factor. In our calculations we set z * = 1090. The power spectra involving CMB temperature anisotropies can also be related to the primordial density fluctuations. The expression for the CMB temperature power spectrum is given in Paper I. The observed CMB temperature anisotropies are further correlated to tracers of the LSS. For the galaxy overdensity and weak lensing shear this cross-correlation is mainly due to the integrated Sachs-Wolfe (ISW) [39] effect and the resulting cross-power spectra are given in Paper I. The crosscorrelation between the CMB temperature anisotropies and the CMB lensing convergence is dominated by the ISW but receives further contributions from Doppler effects arising from bulk velocities of electrons scattering the CMB photons and from the Sunyaev-Zel'dovich (SZ) [40] effect (for a description of these effects see e.g. Refs. [41, 42] ). The cross-correlation due to the SZ effect is not observable using the foreground-reduced CMB temperature anisotropy maps from Ref. [13] but the remaining effects are observable. The cross-power spec-trum between CMB temperature anisotropies and CMB lensing convergence can be computed from
where a T, m denotes the spherical harmonic coefficients of the CMB temperature anisotropies ∆T(θ) and a κCMB, m denotes the spherical harmonic coefficients of the CMB lensing convergence defined as
While the observables discussed so far probe cosmic structure formation, SNe Ia mainly probe the background evolution through their distance moduli. The distance modulus µ of a Type Ia supernova at redshift z SNe is given by
where d L (z SNe ) is the luminosity distance to redshift z SNe .
To compute theoretical predictions for all cosmological observables we follow Paper I. We use the publicly available Boltzmann code class 5 [43] to compute the CMB temperature anisotropy power spectra and the crosscorrelation between the CMB temperature anisotropies and the CMB lensing convergence. For the other observables we use PyCosmo [44] . As in Paper I, we calculate the linear matter power spectrum from the transfer function derived by Ref. [45] . In order to compute nonlinear matter power spectra we use the Halofit fitting function [46] with the revisions of Ref. [47] .
V. SPHERICAL HARMONIC POWER SPECTRA
Following Paper I we use PolSpice 6 [48] [49] [50] to measure the demasked spherical harmonic power spectra from the maps. We calculate the auto-power spectrum of the DES SV weak lensing shear map as well as the crosscorrelations between the maps discussed in Section III and in Paper I which have overlaps.
We do not include the auto-power spectrum of the CMB lensing convergence in this analysis. This is due to the fact that the auto-power spectrum of the CMB lensing convergence estimator is a biased estimate of the CMB lensing convergence auto-power spectrum because it probes both the connected and the disconnected part of the 4-point function of the CMB temperature anisotropies [51] . In order to obtain the power spectrum of the CMB lensing convergence, the auto-power spectrum of the estimator thus needs to be corrected for this disconnected bias [51] , which is beyond the scope of this paper. In order to compute the power spectra, we follow the method outlined in Paper I to estimate the values of the maximal angular scale used by PolSpice θ max and the apodization parameter θ FWHM . We validate these settings using the Gaussian simulations described in Appendix C. The demasking procedure used by PolSpice leads to biases in the recovered power spectra, as discussed in Paper I. The kernels that relate average PolSpice estimates to the true power spectra can be computed analytically for each choice of θ max , θ FWHM and we take them into account by convolving all theoretical predictions with these kernels. The choice of angular multipole ranges follows that described in Paper I for all power spectra already included in that analysis. The angular multipole range for power spectra involving the CMB lensing convergence follows the conservative choice described in Ref. [5] . The low-limit for the power spectra is chosen to minimize the impact of mean field corrections; the high-limit is chosen because of mild evidence for systematic errors at higher multipoles [5] . The chosen bin widths largely follow the conservative binning outlined in Ref. [5] (∆ = 45) and the binning scheme in Paper I, which is chosen to roughly correspond to the width of the PolSpice kernels. Where we choose angular multipole bins broader than necessary this is mainly done to reduce the size of the spherical harmonic power spectrum vector. The binning schemes and PolSpice parameters used for all power spectra are summarized in Table II .
All the spherical harmonic power spectra are computed from the maps of resolution NSIDE = 1024. They are further corrected for the effect of the HEALPix pixel win-dow function and the power spectra involving the CMB temperature anisotropy map are further corrected for the Planck effective beam window function. The uncertainties are derived from the Gaussian simulations described in Appendix C.
The power spectra computed in this work are described in more detail below; for a description of the remaining power spectra the reader is referred to Paper I.
A. DES SV cosmic shear
We compute the cosmic shear power spectrum for DES SV using the map and mask described in Section III A. In order to estimate the contribution of shape noise, we follow Paper I and resort to simulations. We generate 100 noise maps by rotating the galaxy shears by a random angle. We then calculate the power spectra of these maps and our estimator of the shape noise power spectrum is given by the mean power spectrum of the noise maps.
The weak lensing shear E-mode power spectrum for DES SV is shown in the 4, 4-panel of Fig. 3 and the Bmode power spectrum is shown in the Appendix (Fig. 14) . The noise level of DES SV is lower than the one from SDSS Stripe 82 as can be seen by comparing panels 4, 4 and 3, 3. This is to be expected from the higher galaxy number density and smaller measurement noise of DES SV data.
In Appendix E we compare the DES SV cosmic shear power spectra computed from the maps in Galactic and equatorial coordinates. We find discrepancies similar to those found for SDSS Stripe 82 [1] , especially at small angular scales. Since the differences detected are within the uncertainties of the measurement, we use the cosmic shear power spectrum calculated from the maps in Galactic coordinates in our integrated analysis.
B. CMB temperature and DES SV weak lensing shear cross-correlation
We compute the cross-power spectrum between the DES SV weak lensing shear and the CMB temperature anisotropies using the maps and masks presented in Section III A and Paper I. As discussed in Paper I, we choose to compute cross-correlations using the combined masks of the respective probes rather than the single-probe masks. This is due to the fact that the former approach results in a better recovery of the input cross-power spectra in the Gaussian simulations described in Appendix C. We therefore mask both maps with the combination of the single-probe masks, which covers a fraction of sky f sky ∼ 0.0035.
The resulting spherical harmonic power spectrum is shown in the 4, 0-panel of Fig. 3 . As can be seen, the noise level is too high to allow for a detection of the ISW from DES SV weak lensing shear. This is in agreement with the results found for SDSS Stripe 82 in Paper I. We nevertheless include the power spectrum in our analysis since it provides an upper limit to the ISW signal from weak lensing.
In Appendix E we investigate the impact of our choice of fiducial foreground-reduced CMB temperature map by comparing the power spectra obtained using the four different foreground-reduction algorithms employed by Ref. [13] . As can be seen from Fig. 16 we find the measured power spectra to be virtually the same.
C. CMB lensing convergence and galaxy overdensity cross-correlation
To compute the cross-power spectrum between the CMB lensing convergence and the SDSS DR8 galaxy overdensity we use the maps and masks described in Section III B and Paper I. We mask both maps with their combined mask, which covers a fraction of sky f sky ∼ 0.26.
The spherical harmonic cross-power spectrum between the CMB lensing convergence and the galaxy overdensity is shown in the 2, 1-panel in Fig. 3 . We see that we clearly detect a nonzero correlation between the CMB lensing convergence and the galaxy overdensity.
D. CMB lensing convergence and CMB temperature cross-correlation
To compute the cross-power spectrum between the CMB lensing convergence and the CMB temperature anisotropies we use the maps and masks presented in Section III B and Paper I. The combined mask of both probes covers a fraction of sky f sky ∼ 0.65 and we apply this mask to both maps.
The resulting spherical harmonic power spectrum is shown in the 2, 0-panel of Fig. 3 . Comparing to the results derived in Ref. [5] , we find good overall agreement.
In Appendix E, we again compare the power spectra obtained from the different foreground-reduced CMB temperature anisotropy maps and find them to agree rather well.
E. CMB lensing convergence and SDSS Stripe 82 weak lensing shear cross-correlation
We estimate the cross-power spectrum between the CMB lensing convergence and the SDSS Stripe 82 weak lensing shear map using the maps and masks described in Section III B and Paper I. We mask both maps with their combined mask, which covers a fraction of sky f sky ∼ 0.0064.
The spherical harmonic power spectrum is illustrated in the 3, 2-panel in Fig. 3 . We see that the obtained cross-power spectrum is rather noisy and it does not allow for a detection of the correlation between CMB lensing convergence and SDSS Stripe 82 weak lensing shear. This is probably due to the combined effect of a low fractional sky coverage of SDSS Stripe 82 data and significant noise in both the CMB lensing convergence and SDSS Stripe 82 weak lensing shear. We nevertheless include this crosscorrelation into our analysis to serve as an upper limit.
F. CMB lensing convergence and DES SV weak lensing shear cross-correlation
To compute the cross-power spectrum between the CMB lensing convergence and the DES SV weak lensing shear map we use the maps and masks presented in Sections III A and III B. The combined mask of both maps covers a fraction of sky f sky ∼ 0.0037 and we apply it to both maps.
The 4, 2-panel in Fig. 3 shows the resulting spherical harmonic power spectrum. We see that the signal-tonoise of the cross-correlation is low for the angular scales considered, which we attribute to both a small sky coverage of DES SV data and the noise level in both maps. Nevertheless we include the power spectrum in our analysis since it provides an upper limit to the cross-correlation of the CMB lensing convergence and the DES SV weak lensing shear field.
VI. SYSTEMATICS
Cosmological measurements are generally affected by systematics. We parametrize these using eight different nuisance parameters, which we simultaneously fit with the cosmological parameters. A summary of these parameters can be found in Tab. III and they are described separately for each cosmological probe below.
A. CMB temperature anisotropies
The foreground-reduced CMB temperature anisotropy maps contain significant contamination from unresolved extragalactic sources, mainly dusty and radio galaxies [52] . Following Ref. [53] , these can be modelled as additional, residual power spectra, which become significant at high angular multipoles. Ref. [53] include two different contributions: a contribution of an unclustered Poisson component C ps and the contribution of a clustered component C cl . We study the impact of including these power spectra and find that they do not have a significant impact on our results; see Appendix F for further details. We therefore do not include them in our fiducial analysis.
B. Galaxy overdensity
The galaxy overdensity field is a biased tracer of the underlying dark matter. We account for this uncertainty with a linear galaxy bias parameter b, which relates the galaxy overdensity δ g to the dark matter overdensity δ i.e. we set
In addition, the observed galaxy overdensity is potentially affected by observational and sky systematics. As detailed in Paper I we correct the galaxy overdensity map for these systematics. We do not find any significant cross-correlation between the foreground-reduced galaxy overdensity map and systematics that could be common to other probes, such as the extinction map from Ref. [54] as well as a map of stars detected by SDSS with i-band magnitudes 18.0 ≤ i < 18.5. We therefore do not include nuisance parameters accounting for foreground contamination of the galaxy overdensity field into our analysis.
C. Weak lensing
The estimated weak lensing shear of galaxiesγ is prone to multiplicative biases. We parametrize these potential unaccounted calibration uncertainties using a scalar multiplicative bias parameter defined aŝ
where i ∈ [SDSS, DES]. A further potential contaminant to the observed weak lensing shear signal are intrinsic correlations between the unlensed shapes of galaxies (for reviews see e.g. [55, 56] , for observational detections see e.g. [57] [58] [59] [60] [61] [62] [63] ). The measured weak lensing shear in the presence of intrinsic alignments is given by
where γ G denotes the gravitational and γ I the intrinsic part of the shear. To first order, the shapes of galaxies are linearly related to the tidal field in which they form [64] . This gives rise to the so-called linear alignment model [64] [65] [66] . The expected linear alignment signal in this model follows very closely the scale dependence of the weak lensing shear power spectrum as discussed in Appendix A. We therefore choose to model intrinsic alignments as an additional contribution that modifies the amplitude of the weak lensing shear i.e.
where i ∈ [SDSS, DES]. In order to reduce the number of free parameters we combine these two amplitudes into an effective multiplicative calibration m i . We include a separate effective multiplicative bias parameter for each of the two weak lensing surveys considered in this work. The gray panel in the upper right corner shows the SNe Ia distance moduli and error bars from the JLA and the Hubble constant measurement from Ref. [9] . All the power spectra have been computed using the maps in Galactic coordinates. The solid lines show the theoretical predictions for the best-fit cosmological model determined from the integrated analysis which is summarized in Tab. III. The theoretical predictions for the power spectra have been convolved with the PolSpice kernels described in Paper I and Section V. The error bars for the power spectra are derived from the Gaussian simulations described in Section VII and Appendix C. The angular multipole ranges and binning schemes used for all the power spectra are summarized in Tab. II.
The dark matter power spectrum at small scales is affected by baryonic processes such as feedback from supernovae and active galactic nuclei (AGN) or gas cooling. We investigate the effects of baryonic feedback on the power spectra using the effective halo model prescription of Mead et al. [67] (for further details see Appendix B). We find the effect of baryon feedback to be smaller than the uncertainties on our measurement on all angular scales considered, which means that our data currently is not sensitive to baryonic feedback. Therefore we choose to model the nonlinear matter power spectrum using Halofit in this work and leave the investigation of baryonic feedback to future work.
D. CMB lensing convergence
The CMB lensing potential estimator described in Sec. III B has a non-trivial, cosmology-dependent response to an input CMB lensing potential [5, 51] . Ref. [5] correct for this bias assuming a fiducial cosmological model [5] . Therefore, the normalization of the CMB lensing convergence estimator is cosmology-dependent and should be varied alongside the cosmological parameters in a sampling process. To reduce computation time we choose an alternative approach and do not take into account the cosmology-dependence of the CMB lensing convergence amplitude as e.g. Ref. [11] . We account for this normalization uncertainty by including a multiplicative bias parameter m κCMB such that
and we allow it to vary independently from the cosmological parameters. We leave the introduction of a cosmology-dependent CMB lensing convergence amplitude to future work.
E. SNe Ia
Type Ia supernovae are not perfect standard candles since their absolute peak magnitude depends on the duration of the SNe explosion, as measured using the stretch parameter X 1 , the color C of the SNe and the properties of the host galaxy. In order to take these effects into account we parametrize the observed distance modulus following Ref. [7] as:
where m * B denotes the observed peak magnitude in rest frame B-band. The parameters α, β and M B are nuisance parameters accounting for the uncertainties in the absolute peak SNe Ia magnitude. Both the absolute magnitude parameter M B and the parameter β were found to depend on the properties of the supernova's host galaxy [68, 69] . In order to take these effects into account, we follow Ref. [7] and set
This parametrization thus finally gives rise to four different nuisance parameters α, β, M 1 B and ∆M .
VII. COVARIANCE MATRIX
In order to compute constraints on cosmological parameters from the 12 power spectra described above, we need to estimate the joint covariance matrix of these probes. We follow Paper I and assume the covariance matrix to be Gaussian. This assumption is justified for the CMB lensing convergence field, as shown by e.g. Ref. [70] . As discussed in Paper I this is also appropriate for the CMB temperature anisotropy and galaxy density fields at the scales considered but it is only an approximation for the weak lensing shear field. We expect this to be a reasonable approximation since we do not include small angular scales in our analysis and our uncertainties on the cosmic shear power spectrum are dominated by shape noise. We therefore leave the issue of non-Gaussian covariance matrices to future work.
Following Paper I we compute the covariance matrix employing two different methods: the first is based on a theoretical prediction of the covariance matrix while the second is an empirical method based on Gaussian simulations of the cosmological probes considered in this work. As in Paper I, we use the empirical covariance matrix for our fiducial analysis and we compute it using 1000 Gaussian simulations, which are described in Appendix C. We validate the empirical covariance matrix using the theoretical prediction. A more detailed description of both methods can be found in Paper I. Figure 4 illustrates the correlation matrix derived from the sample variance of the 1000 Gaussian simulations. We explicitly set sub-covariance matrices of nonoverlapping surveys to zero. These regions are marked in gray in the figure.
VIII. PARAMETER INFERENCE
To compute cosmological parameter constraints from the data presented in Sections III and V we follow Paper I and assume the joint likelihood of the 12 spherical harmonic power spectra to be Gaussian i.e.
where C G denotes the Gaussian covariance matrix described in Sec. VII. C theor denotes the theoretical pre- Correlation matrix of the spherical harmonic power spectra derived using the Gaussian simulations described in Sec. VII. Gray regions are set to zero because they correspond to the covariance between non-overlapping surveys. The binning scheme and angular multipole ranges for each probe follow those given in Tab. II.
diction for the spherical harmonic power spectrum vector of dimension d = 92 and C obs is the observed power spectrum vector, defined as
As in Paper I we neglect the potential non-Gaussian nature of the weak lensing likelihood. We estimate the joint covariance matrix C G both from simulations as well as analytically as described in Sec. VII. We compute it for a fiducial ΛCDM cosmological model with parameter values {h, , m κCMB , A ps , A cl } = {2., 0., 0., 0., 0., 0.}. As described in Paper I we employ the corrections described in Refs. [71] [72] [73] to debias the inverse of the empirical covariance matrix and we neglect the cosmology dependence of the covariance in our sampling process.
We further assume a Gaussian likelihood for the SNe Ia distance moduli µ i.e.
where d = N SNe , µ obs is the vector of observed SNe Ia distance moduli and µ theor denotes the theoretical prediction. The covariance matrix C contains both statistical as well as systematic errors and is constructed following Ref. [7] 7 . We note that C depends on the values of the nuisance parameters α and β and thus needs to be reevaluated in each step when sampling parameters.
We combine the power spectra together with the SNe Ia and the Hubble constant measurement assuming them to be independent i.e. we multiply the likelihoods. We note that this is an approximation since the residuals of the SNe Ia distance moduli are affected by weak gravitational lensing and redshift space distortions. It will be interesting to investigate these correlations for future surveys (see e.g. [74] ).
From the combined likelihood we compute cosmological parameter constraints in the framework of a flat ΛCDM cosmological model.
All our constraints are derived assuming a vanishing neutrino mass i.e. , ∆M }, which are described in Sec. VI. We note that our fiducial constraints do not include the nuisance parameters A ps , A cl and we recall that we further neglect several sources of systematic uncertainties such as photometric redshift uncertainties, stochastic and scale-dependent galaxy bias [76] [77] [78] or baryonic effects on the matter power spectrum. Also, we do not model intrinsic alignments but include them as part of our effective multiplicative bias. The data combination considered weakly constrains the optical depth to reionization and we therefore follow Paper I and apply a Gaussian prior of τ reion = 0.089 ± 0.02. As discussed in Paper I this corresponds to an enlarged WMAP9 prior [79] . We further assume Gaussian priors on the effective multiplicative bias parameters m We choose a conservative approach and apply the same 7 The covariance matrix can be found at:
uncertainty to the DES SV galaxy shears, even though the reported calibration uncertainty is σ(m DES calib ) = 0.05 [6] . The choice for σ(m i IA ) follows from the discussion in Appendix A, from which we can see that the contribution of intrinsic alignments amounts to maximally 20% of the measured weak lensing signal in our fiducial model. We nevertheless choose to center the prior on m SDSS * , m DES * on 0 rather than on the value expected from our fiducial model for intrinsic alignments in order to confirm that the data moves the posterior. We allow for intrinsic alignments by broadening the prior as compared to the expectation from only multiplicative calibration uncertainties. For all other parameters we assume flat priors, which are summarized in Tab. III. We compute all parameter constraints using the covariance matrix derived from the Gaussian simulations. The results using the theoretical covariance matrix or a covariance matrix derived using a cosmological model with parameter values similar to the ones derived for our best-fit 8 are shown in the Appendix (Fig. 17) and we find them to be consistent with our fiducial results. This confirms that the computation of the empirical covariance matrix has converged with 1000 simulations. It further verifies that our results are not sensitive to the slightly high value of σ 8 chosen for our fiducial simulations.
In order to investigate the impact of residual foregrounds on our analysis, we compute constraints on cosmological parameters from CMB temperature data alone both including the parameters A ps , A cl and neglecting them. As can be seen from the Appendix (Fig. 18) we find no significant difference between the constraints derived from the extended parameter set and the ones derived ignoring these additional degrees of freedom. This suggests that the low-CMB temperature anisotropy power spectrum is not affected by these foregrounds. We therefore choose to not include contamination from residual extragalactic point sources into our fiducial analysis.
We further validate our analysis of the CMB temperature anisotropies by comparing our fiducial CMB-only parameter constraints to those obtained from running the official Planck likelihood [81] with nuisance parameters fixed to the best-fit values derived by Ref. [81] (TT+lowP). Figure 18 shows the comparison between the CMB temperature constraints derived in this work with the constraints derived from the Planck likelihood for max 610. We show the results obtained from the Planck likelihood both with min = 10 and min = 30. This is due to the fact that in the Planck likelihood the angular multipoles for < 30 are unbinned while for ≥ 30 the power spectrum is binned into bins of ∆ = 21, which is more comparable to our binning scheme of ∆ = 30. As can be seen we find reasonable agreement between the derived parameter constraints. This is not the case when we extend the angular multipole range and we therefore use max = 610 as in Paper I for our fiducial analysis. Figure 5 shows our integrated cosmological parameter constraints along with those from Paper I. The associated means of the posterior distributions for all the parameters along with their 68% confidence limits (c.l.) are given in Tab. III. As can be seen from the figure, our constraints with the new data and greater flexibility for systematics agree very well with our previous findings 9 , demonstrating the robustness of our results. In fact, we also find that the results are robust to removing random probes from our analysis. We note that the slight tension between CMB temperature anisotropies and weak lensing discussed in Paper I is resolved when accounting for the expected effects of intrinsic alignments. This can be seen from the fact that broadening the prior on the multiplicative calibration bias parameter in Paper I recovers a value consistent with the expectation from intrinsic alignments and results in a better fit to the power spectra involving weak gravitational lensing, as discussed in Paper I. Furthermore we see from Fig. 3 that there is no noticeable tension between CMB temperature anisotropies and weak lensing in the extended analysis.
IX. COSMOLOGICAL CONSTRAINT RESULTS
In Fig. 5 , we also compare our constraints to those derived by the Planck Collaboration [81] . For the latter, we show the constraints derived from the combination of CMB temperature anisotropies with the Planck low-polarization likelihood (TT+lowP) and the constraints when also including the Planck polarization power spectra, CMB lensing and external data sets (TT,TE,EE+lowP+lensing+BAO+JLA+H 0 ). While we see a general broad agreement, a global tension is nevertheless apparent in most of the panels. Our analysis indeed continues to prefer a lower value of Ω m , Ω b and σ 8 as well as a higher value of h. This tension is at similar levels to what has been found by other groups (e.g. [82] and references therein). Since our analysis includes a subset of the Planck data, the tension appears to be with the Planck data that we have not included, namely lowpolarization data, and CMB temperature anisotropy data for ∈ [2, 9] and ∈ [611, 2508], where the latter has the greatest impact. This parameter shift induced by the Planck high-measurements has also been reported and studied by others, including [83] and [84] . 9 In Paper I we included massive neutrinos in our fiducial model in contrast to this work, but we find the constraints without massive neutrinos to be consistent. The constraints of Paper I with and without massive neutrinos differ at the percent-level in the best-fit value for σ 8 , with the constraints with massive neutrinos being lower in σ 8 .
Exploring this further, Fig. 6 shows the comparison of our integrated analysis with the constraints from WMAP9 [79] and WMAP9 combined with high-data from the Atacama Cosmology Telescope (ACT) [85, 86] and the South Pole Telescope (SPT) [87, 88] . We also show the constraints from the Planck Collaboration [81] . We see that our results are in good agreement with WMAP9 and the combination of WMAP9, ACT and SPT and are consistent with the already highlighted tension with the Planck high-measurement [83, 84] .
In Figure 7 we focus on one of the panels, showing the Ω m − σ 8 plane, and now include the results from KiDS [82] . We also see that our results are in good agreement with KiDS.
The constraints on the nuisance parameters varied in our analysis are shown in Figures 8 and 9 . From Tab −0.0946 . The obtained value for the effective multiplicative bias of SDSS Stripe 82 is broadly consistent with an overall intrinsic alignment contribution of −15% and a calibration uncertainty of around 5%. The effective multiplicative bias for DES SV is slightly lower than would be expected from our fiducial model, which would suggest a lower limit on m DES * of around −10% coming solely from intrinsic alignments. This discrepancy could be due to cancellations between the two components of the effective bias. We find a value of the multiplicative bias of the CMB lensing convergence of m κCMB = −0.0598 +0.0941 −0.0946 , which is again consistent with the expectation of m κCMB = 0. Finally, our constraint on the galaxy bias b for the SDSS CMASS1-4 sample is consistent with the mean of the tomographic bias parameters reported in Ref. [14] . We further find the constraints on different nuisance parameters to be only slightly correlated between one another. This shows that the combination of auto and cross correlations can be used for crosscalibration of different surveys and cosmological probes.
The theoretical predictions for the best-fitting cosmological model together with the measured data are shown in Fig. 3 . As can be seen, the theoretical predictions fit the data rather well and there is no sign of a tension between different data sets.
X. CONCLUSIONS
In this work, we have extended our framework for integrated cosmological probe analysis presented in Paper I. We have combined data from CMB temperature anisotropies, galaxy clustering, weak lensing and CMB lensing focusing on two-point statistics and taking into account the cross-correlations between the different probes. We used CMB temperatures from Planck 2015 [2] , galaxy clustering data from SDSS DR8 [3] , weak lensing data from both SDSS Stripe 82 [4] and DES SV [6] and CMB lensing data from Planck 2015 [5] . We have further included SNe Ia distance moduli from the JLA [7] and Hubble constant measurements from HST [8, 9] . For all the probes of the inhomogeneous Universe we have computed 12 spherical harmonic power spectra and we have combined them into a joint likelihood assuming both a Gaussian covariance matrix as well as a Gaussian likelihood. We have then combined this likelihood with the Gaussian SNe Ia likelihood assuming these two data sets to be independent. We have extended our treatment of systematic uncertainties and relaxed some of the approximations used in Paper I. Furthermore, we have also studied the impact of intrinsic alignments, baryonic corrections, residual foregrounds in the CMB temperature, and calibration factors for the different power spectra. This extended analysis allows us to derive more robust constraints on the cosmological model and a more thorough test of the consistency between the different probes.
From this analysis, we have computed cosmological parameter constraints for a flat ΛCDM cosmological model marginalizing over eight nuisance parameters. We have made several simplifying approximations throughout this analysis: We have assumed the joint covariance matrix of the considered cosmological probes to be Gaussian. Further, we have only included systematic uncertainties from linear galaxy bias, multiplicative biases due to either calibration or intrinsic alignments in the weak lensing shear, uncertainties in the SNe Ia intrinsic luminosities and multiplicative calibration uncertainties in the CMB lensing convergence. We have not taken into account uncertainties due to photometric redshift errors or additive weak lensing calibration bias and we have not included intrinsic alignment modelling in our analysis. Since we have found our data to be insensitive to baryonic effects on the matter power spectrum and residual foregrounds in the CMB temperature anisotropy maps, we have not included these effects into our analysis. Finally our theoretical predictions are all computed using the Limber approximation. Due to the conservative cuts we have applied on the data we do not believe these effects to significantly affect our conclusions. We find results that are consistent with those presented in Paper I, which, given our enlarged data set and systematics treatment, confirms the robustness of our analysis and results. Furthermore, we find our data to be well fit by our best-fit cosmological model and we do not see any sign of tension between the data sets considered in our analysis.
We also find that our constraints are consistent with those derived by other analyses such as the joint analysis of the WMAP9, SPT and ACT CMB experiments and the KiDS weak lensing survey [82] . Comparing the obtained constraints to those from the Planck Collaboration [81] , we find a broad agreement but also tensions in the marginalized constraints in most pairs of cosmological parameters. In particular, we find a lower value of Ω m , Ω b and σ 8 as well as a higher value of h. Since our analysis includes low-Planck CMB temperature data ( ∈ [10, 610]), the tension appears to arise between the Planck high-modes and the other measurements.
We further find the constraints on the probe calibra- tion parameters to be largely independent and in agreement with expectation. This shows that these data sets are mutually consistent. This also yields a confirmation of the amplitude calibration of the weak lensing measurements from SDSS, DES SV and Planck CMB lensing from our integrated analysis. Future cosmological surveys will provide data with unprecedented precision. It will thus be interesting to extend the framework presented here to models beyond ΛCDM as well as extend this framework to include 3-dimensional tomographic information, further data or higher-order statistics.
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Appendix A: Impact of intrinsic alignments
The shapes of unlensed galaxies have been found to exhibit significant correlations, which are called intrinsic alignments [57] [58] [59] [60] [61] [62] [63] . Since weak lensing shear assumes all correlations between galaxy shapes to be due to gravitational lensing, any measurement of weak lensing will be biased by the presence of intrinsic alignments. These affect both the cosmic shear power spectrum as well as any cross-correlation between LSS probes and the weak lensing shear.
The observed cosmic shear power spectrum in the presence of intrinsic alignments can be written as
where C γγ is the cosmic shear power spectrum. C GI denotes correlations between the intrinsic alignments of foreground galaxies and the weak lensing shear of background galaxies [65] . These arise because the gravitational field causing the intrinsic alignments is the same as that giving rise to the weak lensing shear and they are called gravitational-intrinsic (GI) correlations. Finally C II denotes correlations between shapes of neighbouring galaxies which arise because these form under the influence of similar tidal gravitational fields [64] . These correlations are termed intrinsic-intrinsic (II) galaxy alignments.
Since intrinsic galaxy alignments are due to the largescale gravitational field in which galaxies form, these will be correlated to any tracer of the LSS. Therefore we should expect intrinsic alignment contributions to the cross-correlation between the weak lensing shear and both the galaxy overdensity and the CMB lensing convergence. The observed cross-correlation between the galaxy overdensity and the weak lensing shear is given by
where C γδg denotes the contribution due to weak lensing and C Iδg is due to intrinsic galaxy alignments. The cross-correlation between the CMB lensing convergence and the weak lensing shear can be written as where again C κCMBγ is the signal coming from weak gravitational lensing and C κCMBI denotes the intrinsic alignment contribution.
In order to model these effects and investigate the impact of intrinsic alignments on the spherical harmonic power spectra used in our analysis we follow Refs. [24, 82] and adopt the nonlinear alignment model [65, 66] . In this model the nonlinear intrinsic alignment power spectra are parametrized as
The function F (z) parametrizes the response of a galaxy shape to an external gravitational tidal field and is given by
where we have neglected any redshift-or luminosity dependence of intrinsic alignments. ρ crit is the critical density of the Universe at z = 0, D(z) denotes the linear growth factor normalised to unity today and
Mpc 3 is a normalization constant. The amplitude of the intrinsic alignments is determined by the free parameter A IA .
In this model the intrinsic alignment spherical harmonic power spectra for the cosmic shear become (see e.g. [90] )
where n γ (z) denotes the normalized redshift selection function of the weak lensing survey under consideration. The intrinsic alignment contribution to the crosscorrelation of the galaxy overdensity and the weak lensing shear can be written as [90] 
Analogously the contribution of intrinsic alignments to the cross-correlation between the CMB lensing convergence and weak lensing shear is given by [91, 92] Figure 10 shows the linear alignment contribution to C γγ,obs , C γδg,obs and C κCMBγ,obs for SDSS Stripe 82 weak lensing shear evaluated for our best-fit cosmological model given in Tab. III and assuming an intrinsic alignment amplitude A IA = 1 and using Halofit. Since the magnitude of intrinsic alignments does not depend on calibration uncertainties or galaxy bias we further assume no systematic uncertainties. The choice of intrinsic alignment amplitude is consistent with the recent results of Ref. [82] . As can be seen from the figure, the observed spherical harmonic power spectra are significantly reduced in the presence of intrinsic alignments. The effect is most pronounced for C γδg for which the clustering amplitude is reduced by approximately 20%. We can also see that the scale-dependence of the intrinsic alignment power spectra closely follows the weak lensing shear power spectra. In order to reduce computation time for our parameter estimation we therefore choose to model the intrinsic alignments as an additional multiplicative degree of freedom as described in Section VI.
We note that the results for DES SV are similar but we choose to show the results for SDSS Stripe 82 because the latter shows a more significant impact of intrinsic alignments.
Appendix B: Impact of baryonic processes on the dark matter power spectrum
Numerical simulations have shown that baryonic processes such as gas cooling and feedback from both AGN and supernovae have the potential to significantly alter the dark matter power spectrum on small scales (e.g. [93] ). These processes are still poorly understood which leads to systematic uncertainties on the matter power spectrum at small scales [93] . Depending on the chosen model for baryonic physics, the matter power spectrum can be reduced by around 10% at scales of k = 1 Mpc −1 , which could significantly alter the weak lensing power spectrum due to the broadness of the redshift kernel W γ (χ(z)). In order to investigate the impact of baryonic corrections on the power spectra involving weak lensing shear considered in this work we adopt the effective halo model described in Refs. [67, 94] . This optimized halo model has been shown to accurately reproduce the results from the Cosmic Emu dark matter-only simulations [95, 96] . Baryonic effects can be incorporated by adjusting the internal structure of the halos. The two free parameters of the model are the amplitude A of the mass-concentration relation and a halo bloating parameter η 0 which controls the density profile of the halo. In order to investigate the impact of baryonic corrections on our analysis we compute the matter power spectrum using the best-fit halo model parameters described in Refs. [67, 94] . We incorporate baryonic effects using the parameters of the AGN model of Ref. [67] , which is the model that shows the largest deviations from the dark matter-only results. We then compute the cosmic shear power spectra for the surveys considered in this work and compare them to those obtained when neglecting baryonic effects. The results are shown in Fig. 11 for a cosmological model defined by {h, Ω m , Ω b , n s , σ 8 } = {0.71, 0.27, 0.045, 0.97, 0.8} and {m SDSS * , m DES * } = {−0.11, −0.02}. As can be seen from the figure, the amplitude of the cosmic shear power spectra is significantly reduced for small angular scales. On the smallest angular scales considered, the suppression reaches approximately 15%. Comparing the magnitude of this effect to the measured data we see that it is significantly smaller than the size of our error bars and our data is therefore currently not sensitive to baryonic effects. We therefore do not include baryonic corrections into our fiducial model and leave an investigation of those to future work.
Appendix C: Correlated spin-0 and spin-2 fields
To validate our analysis as well as to obtain an estimate of the covariance matrix, we need to generate correlated Gaussian realizations of CMB temperature anisotropies T, galaxy overdensity δ g , CMB lensing convergence κ CMB and two weak lensing shear fields γ 1 , γ 2 with auto-and cross-power spectra {C TT , C δgT , C δgδg ,
To this end we extend the algorithm presented in Paper I, which is based on Refs. [97, 98] . We further improve the algorithm by including several terms we neglected due to their low amplitude in Paper I.
Due to the sky coverage of the surveys considered in this work, the DES SV weak lensing shear field is not correlated to both the SDSS galaxy overdensity and the SDSS Stripe 82 weak lensing shear field. To take this into account we simulate two separate sets of maps for each weak lensing survey. Both these sets consist of the weak lensing shear maps as well as all the spin-0 maps correlated to those. We then add the spin-0 maps obtained from these two sets of maps to create the final Gaussian realizations.
The first set of maps consists of a correlated realization of CMB temperature anisotropies, galaxy overdensity, CMB lensing convergence and the SDSS weak lensing shear field and is constructed as follows:
(i) We first create three correlated HEALPix maps using synfast in polarization mode with the power spectra
These maps are denoted m (ii) Following Refs. [1, 97, 98] we then create three maps with a new random seed and the power spec- 
The second term in the last equation removes unwanted cross-correlations between the spin-0 and spin-2 fields, which would otherwise arise in this process. These maps are denoted m 2 i , where i ∈ {δ g , γ
In a next step we create three additional maps with another random seed and power spectra
As before, unwanted spin-0/spin-2 correlations are removed by adding the second and third term in the last equation. These maps are denoted m (iv) We create two spin-0 maps generated with the same seed as used for m 1 with the power spectra
The map corresponding to the first power spectrum is denoted m (v) We create a spin-0 map generated with the same seed as used for m 2 with the power spectrum
This map is called m (vi) Finally we combine the maps i.e.
We construct a correlated realization of CMB temperature anisotropies, CMB lensing convergence and the DES SV weak lensing shear field analogously:
1. We first create three correlated HEALPix maps using synfast in polarization mode with the power spectra
These maps are denotedm [1, 97, 98] we then create three maps with a new random seed and the power spectra
These maps are denotedm 3. We create a spin-0 map generated with the same seed as used form 1 with the power spectrum
The map is denotedm 
As in Paper I, we include the HEALPix window function and CMB temperature beam window function into the spherical harmonic power spectra prior to creating the maps. Note that it is not possible to create maps with negative power spectra using HEALPix. This means that we always need to make sure that all cross-terms remain positive. This can usually be achieved by applying the counter-terms to the power spectra with larger amplitude.
In order to obtain simulations of observed maps, we need to add realistic noise to the signal-only maps. To this end we follow the implementation in Paper I for the CMB temperature anisotropy, the galaxy overdensity and the weak lensing shear maps. As described in more detail in Paper I, we add noise to the simulations on the map level. For the CMB temperature anisotropies we add the Commander half-mission half-difference (HMHD) map to the signal. The noise maps for the galaxy overdensity consist of randomized maps of the galaxy positions in the data while the weak lensing noise maps are created by rotating the galaxy shears in the data by a random angle. We create noise-only maps for the CMB lensing convergence using the simulated data provided by the Planck Collaboration in Ref. [5] . These data consist of a set of 100 simulations of observed spherical harmonic coefficients of the CMB lensing convergence as well as the spherical harmonic coefficients of the input CMB lensing convergence to each simulation. To compute noise-only maps we first compute the difference between observed and true spherical harmonic coefficients. Using those we create HEALPix maps of the CMB lensing convergence reconstruction noise at resolution NSIDE = 1024. This approach is an approximation for two reasons. Firstly, it is only exactly valid in the limit of linearity in signal and noise. This is not true in this case and we therefore expect to see differences between the estimated noise power spectra and the true one. Comparing these two we find differences of at most 3.5%, which is an acceptable accuracy for covariance matrix computations. Secondly, the CMB lensing noise power spectrum is cosmology dependent since the main source of noise is the disconnected part of the CMB temperature 4-point function, which depends on the cosmological model assumed in the simulations. Therefore we should strictly only use these maps for the fiducial cosmological model adopted in Ref. [5] . Since we only include cross-power spectra involving the CMB lensing convergence we believe the errors due to assuming a different cosmological model for the theory and the noise to be subdominant. We therefore leave the refinement of the CMB lensing convergence noise estimate to future work.
Appendix D: Validation of spherical harmonic power spectrum measurement
As in Paper I we validate our power spectrum measurement using the Gaussian simulations described in Sec. C. We compute N sim = 1000 realizations of signal and noise for our fiducial cosmological model defined by {h, 0.3, 0.049, 1.0, 0.88, 0 , m κCMB , A ps , A cl } = {2., 0., 0., 0., 0., 0.}. The noise level in the simulations is consistent with the data and we apply the survey masks determined from the data to each simulated map. The spherical harmonic power spectra are computed with the same PolSpice settings as used on the data and the noise bias correction is performed as described in Sec. V. Figures 12 and 13 show the comparison between the mean of the recovered power spectra and the input theoretical power spectra. The error bars denote the error on the mean of the power spectra and are derived using the Gaussian simulations. We find that the input power spectra are generally recovered rather well, which validates our power spectrum measurement.
Appendix E: Spherical harmonic power spectrum robustness tests
In this section we summarize the robustness tests performed for the measured spherical harmonic power spectra.
Comparison between spherical harmonic power spectra in equatorial and Galactic coordinates
We test that the measured power spectra are independent of the chosen coordinate system by comparing the results obtained from the maps in equatorial and Galactic coordinates. The only power spectrum that can be transformed between coordinate systems is the cosmic shear power spectrum for DES SV and the results are shown in Fig. 15 . We find discrepancies between the two power spectra, which are comparable to the discrepancies found for SDSS Stripe 82 in Paper I. This suggests that coordinate-dependent bias corrections are not the only explanation for differences between the power spectra but that these differences are partly also due to different shape noise properties in different coordinate systems. Since the discrepancies detected are well within our measurement uncertanties, we do not investigate this issue further and include the spherical harmonic power spectrum measured from the maps in Galactic coordinates into our analysis. We investigate the impact of our choice of fiducial foreground-reduced CMB temperature anisotropy map by comparing the power spectra involving CMB temperature data obtained using the four foreground reduction algorithms employed by the Planck Collaboration [13] . These are Commander, NILC, SEVEM and SMICA and the PolSpice settings used to compute these power spectra are identical to those applied on the data and the angular multipole range as well as binning schemes match those described in Tab. II. Dashed lines denote negative spherical harmonic power spectrum values. The input power spectra have been convolved with the PolSpice kernels described in Paper I and Section V. The error bars are derived from the Gaussian simulations described in Section VII and Appendix C. 
FIG. 15.
Comparison of cosmic shear power spectrum from DES SV as measured using the maps in Galactic and equatorial coordinates. The theoretical prediction for the power spectrum has been convolved with the PolSpice kernels described in Paper I and Section V. The error bars are derived from the Gaussian simulations described in Section VII and Appendix C. The angular multipole range and binning scheme used is summarized in Tab. II.
results for C γ2T and C κCMBT are shown in Fig. 16 . As can be seen, we find the derived power spectra to be well consistent with each other.
Appendix F: Impact of unresolved foregrounds on CMB temperature anisotropies
As described in Sec. VI, the foreground-reduced CMB temperature anisotropy maps are contaminated by unresolved extragalactic sources [52] . Following Ref. [53] , the power spectra of these foregrounds can be modelled using a contribution of an unclustered Poisson component C ps and the contribution of a clustered component C cl [53] . These become significant at high angular multipoles. The two power spectra are defined in terms of their amplitudes A ps and A cl as:
where the Pivot angular multipole is defined to be p = 3000 and both amplitudes have units of µK 2 . The normalization ensures that for D = We investigate the impact of these residual foregrounds by comparing the cosmological parameter constraints obtained from CMB temperature data alone both including these two additional degrees of freedom and neglecting them. The constraints obtained in both cases are virtually the same as can be seen from Fig. 18 , which means that the low-temperature anisotropy power spectrum is insensitive to residual foregrounds. We therefore do not include these additional degrees of freedom in our fiducial analysis. Comparison of the spherical harmonic power spectra C γ 2 T , C κ CMB T obtained from the foreground-reduced CMB temperature anisotropy maps derived using the four different algorithms Commander, NILC, SEVEM and SMICA. The theoretical predictions for the power spectra have been convolved with the PolSpice kernels described in Paper I and Section V. The error bars are derived from the Gaussian simulations described in Section VII and Appendix C. The angular multipole ranges and binning schemes used for all the power spectra are summarized in Tab. II. Redshift selection function and weak lensing shear window function for the DES SV galaxies. The weak lensing window function has been rescaled relative to the redshift selection function. The window function has been derived using our best-fit cosmological parameters.
